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ABSTRACT 

We present Far Ultraviolet Spectroscopic Explorer (FUSE) and Space Telescope Imaging Spectrograph 
(STIS) observations of interstellar ultraviolet absorption lines in the Galactic high- velocity cloud Complex 
C and the Intermediate Velocity Arch (IV Arch) in direction of the quasar PG 1259+593 (I — 120?6, 
b = +58?1). Absorption lines from Cn, Ni, Nil, Oi, Alii, Sin, Pn, Sn, An, Fen, and Fein are used 
to study the atomic abundances in these two halo clouds at Plsr ~ —130 kms -1 (Complex C) and 
—55 kms -1 (IV Arch). The O I/H I ratio provides the best measure of the overall metallicity in the 
diffuse interstellar medium, because ionization effects do not alter the ratio, and oxygen is at most only 
lightly depleted from the gas into dust grains. For Complex C, we find an oxygen abundance of 0.093 
-o 047 s °l ar J consistent with the idea that Complex C represents the infall of low metallicity gas onto 
the Milky Way. In contrast, the oxygen abundance in the IV Arch is 0.98 46 s °l ar 7 which indicates 
a Galactic origin. We report the detection of an intermediate-velocity absorption component at +60 
kms -1 that is not seen in H I 21cm emission. The clouds along the PG 1259+593 sight line have a 
variety of properties, proving that multiple processes are responsible for the creation and circulation of 
intermediate- and high-velocity gas in the Milky Way halo. 

Subject headings: ISM: clouds - ISM: abundances - quasars: absorption lines - quasars: individual 
(PG 1259 +593) - Galaxy: halo 
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1. INTRODUCTION 

Although significant progress has been made in the last 
few years in exploring the distribution and chemical com- 
position of intermediate and high-velocity clouds (IVCs 
and HVCs, respectively) in the halo of the Milky Way, 
an overall unified model for their formation is still lack- 
ing. These clouds are typically defined as concentrations 
of neutral hydrogen (H 1) at velocities inconsistent with a 
simple model of differential Galactic rotation. The dis- 
tinction between IVCs and HVCs is loosely based on the 
observed radial velocities of the clouds; IVCs have ra- 
dial velocities with respect to the Local Standard of Rest 
(LSR) of 30 kms" 1 < |V LS r| < 90 kms" 1 , while HVCs 
have velocities |VLsr| > 90 kms -1 . Recent studies (Lu 
et al. 1998; Wakker et al. 1999; Gibson et al.2000, 2001; 
Murphy et al.2000; Bluhm et al. 2001; Sembach et al. 
2001) reveal disparate chemical compositions for several 
of these clouds in different directions in the sky. The kine- 
matics and chemical make-up of the IVCs and some of 
the HVCs can be explained successfully by the "Galactic 
fountain" model (Shapiro & Field 1976; Houck & Breg- 
man 1990), in which hot gas ejected out of the Galactic 
disk by supernova explosions eventually falls back in the 
form of condensed neutral clouds moving at intermediate 



and high velocities. Clouds participating in this circula- 
tory pattern should have a nearly solar metallicity reflect- 
ing that of their place of origin. There are, however, a 
number of HVCs whose abundances are inconsistent with 
the Galactic fountain model. One such case is the Mag- 
ellanic Stream, which has abundances close to those of 
the Small Magellanic Cloud (SMC) and is believed to be 
tidally stripped out of the SMC system during a close en- 
counter with the Galaxy (e.g., Wannier & Wrixon 1972; Lu 
et al. 1998; Gibson et al. 2000; Sembach et al. 2001). High- 
velocity cloud Complex C has an even lower abundance 
(~ 0.1 solar; Wakker et al. 1999) that is inconsistent with 
gas originating in the disk of the Galaxy or in the Magel- 
lanic Clouds. Thus, Complex C might represent accreting 
metal-poor material from intergalactic space. Accretion 
of substantial quantities of metal-poor gas in the form of 
HVCs would have a significant influence on the chemical 
evolution of the Milky Way. 

It is clear that all of the intermediate and high- velocity 
clouds in the Galactic halo do not have a single common 
origin. Therefore, it is important to quantify the proper- 
ties of IVCs and HVCs to the greatest extent possible us- 
ing ultraviolet (UV) absorption line spectroscopy. Many 
astrophysically important atoms and molecules have their 
electronic transitions in the wavelength region between 912 
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and 3000 A. Ultraviolet absorption line spectroscopy is the 
most sensitive and accurate method to study gas-phase 
abundances and physical properties in diffuse interstellar 
clouds in the Galactic halo, where typical gas densities 
are significantly lower than in Galactic disk clouds. The 
Far Ultraviolet Spectroscopic Explorer (FUSE) has suffi- 
cient sensitivity and spectral resolution to investigate ab- 
sorption at A < 1187 A in the Galactic halo and beyond 
along a large number of sight lines. At longer wavelengths 
(A > 1150 A), the Space Telescope Imaging Spectrograph 
(STIS) on HST provides additional information for a num- 
ber of atomic species and the Lya absorption line of neu- 
tral hydrogen near 1215.7 A. Combining data from these 
instruments provides a particulary powerful tool for inves- 
tigating HVCs and IVCs. 

In this study we use FUSE and STIS absorption line 
data to investigate the intermediate- and high-velocity 
gas in the Galactic halo toward the quasar PG 1259+593 
(V = 15.84; z cm = 0.478; I = 120?6, b = +58?1). 
This sight line passes through the Intermediate- Velocity 
Arch (IV Arch; Kuntz & Danly 1996) and the high- 
velocity cloud Complex C (see Wakker & vanWoerden 
1997). Complex C has been the subject of several re- 
cent absorption line studies along different lines of sight. 
For example, Wakker et al. (1999) studied the sulfur abun- 
dance of Complex C toward Mrk290 and found (S/H) 

= 0.089 ± 0.024 (io.005) solar bascd on uv absorption 
line data in combination with high resolution Hi data 
from the Westerbork Radio Telescope and Ha data from 
the Wisconsin Ha Mapper (WHAM). In contrast, Mur- 
phy et al.(2000) observed Mrk876 with FUSE and found 
(Fe II/H I) = 0.48 ± 0.2(±0.2) times the solar (Fe/H) ra- 
tio in Complex C, suggesting little or no depletion of Fe 
into dust grains. Gibson et al. (2001) analyzed STIS data 
of the Complex C absorption along the sight lines toward 
Mrk 279, Mrk 290, Mrk 501, Mrk 817, and Mrk 876, and 
found variations in Sii/Hi implying (S/H) in the range 
from 0.08 to 0.44 solar. These variations could be due 
in part to ionization effects, although intrinsic abundance 
variations within Complex C cannot be ruled out. 

To avoid having to deal with substantial ionization cor- 
rections, we have chosen to study the metal content in 
Complex C toward PG 1259+593. The sight line passes 
through Complex C in a region of relatively high H 1 col- 
umn density ((8.4 + 0.1) x 10 19 cm" 2 ; Wakker et al. 2001), 
so ionization effects are much less important than at lower 
column densities. Other Complex C sight lines either have 
much lower UV fluxes (e.g., Mrk 290) or substantially 
lower column densities and greater confusion with lower 
velocity features (e.g., Mrk 279, Mrk 876). In the direc- 
tion of PG 1259+593, the Complex C absorption is well- 
separated in velocity from the IV Arch, thus allowing a 
direct comparison of intermediate and high- velocity mate- 
rial in the Galactic halo within the same spectrum. The 
IV Arch lies at a height of 0.8 — 1.5 kpc above the Galactic 
plane (see Wakker 2001). An overall metallicity for the IV 
Arch has yet not been well determined, although several 
sulfur measurements (Spitzer & Fitzpatrick 1993; Fabian 
et al., in preparation) suggest a near-solar metallicity, in 



striking contrast to the much lower metallicity of the more 
distant Complex C (d > 6.1 kpc; vanWoerden et al. 1999). 
An extensive summary of absorption line measurements 
available for many IVCs and HVCs is given by Wakker 
(2001). 

This paper is organized as follows: we review the sight 
line structure toward PG 1259+593 in §2. In §3 we present 
the FUSE and STIS observations of PG 1259+593 and our 
analysis methods. In §4 we discuss absorption from gas 
associated with Complex C; in §5 we analyze absorption 
related to the IV Arch. In §6 we report the discovery of 
another IVC component at positive velocities. §7 provides 
a brief summary of the velocity distribution of the highly 
ionized species observed along the sight line. Concluding 
remarks are given in §8. 

2. THE PG 1259+593 SIGHT LINE 

The Hi emission lines of the PG 1259+593 sight line 
as observed with the Effelsberg 100m telescope (Wakker 
et al.2001; 9'.1 beam), the NRAO 140 foot telescope at 
Green Bank (Murphy et al., in preparation; 21'.0 beam), 
and the Leiden-Dwingeloo Survey (Hartmann & Burton 
1997; 36.'0 beam) are shown in the left panel of Figure 1. 
Three major H 1 components are visible at 0, —55 and —130 
kms^ 1 , representing emission from local Galactic gas, the 
IV Arch close to core IV 19 (Kuntz & Danly 1996) in the 
lower Galactic halo, and high-velocity cloud Complex C 
near the CIII-C core (Giovanelli, Verschuur & Cram 1973), 
respectively. The local Galactic Hi emission component 
is weak because the direction I = 120?6, b — 58?1 lies 
close to the "Lockman Hole", the region with the small- 
est amount of local H 1 in the northern hemisphere (Lock- 
man, Jahoda, & McCammon 1986). This makes the anal- 
ysis of the intermediate- and high-velocity material along 
this sight-line less complicated than in other directions be- 
cause 1) the local component is not confused with absorp- 
tion at intermediate velocities, and 2) local H 2 absorp- 
tion, which can blanket a significant portion of the UV 
spectrum below - 1100 A, is weak. There are substan- 
tial differences in the three H I emission profiles shown in 
Figure 1 resulting from the different instrumental resolu- 
tions of the data and beam-smearing effects. We adopt 
the highest resolution (Effelsberg) data, yielding N(H I) = 
(4.4 ± 0.5) x 10 19 cm~ 2 for the local Galactic component 
at kins" 1 , (3.0 ± 0.1) x 10 19 cur 2 for the IV Arch at 
-55 kms-\ and (8.4 ± 0.1) x 10 19 cur 2 for Complex C 
at -130 kins" 1 (Wakker et al.2001). 6 

PG 1259+593 has a redshift of z em = 0.478 (Marziani 
et al. 1996), and there are several intergalactic Hi Lya 
absorbers along this sight line (e.g., Bahcall et al. 1993). 
Intergalactic absorption detected in the FUSE and STIS 
data will be discussed in a future paper. For the present 
study, it is sufficient to note that these IGM features do 
not affect the analysis of the absorption associated with 
Complex C and the IV Arch presented in this paper. 



6 The Hi column densities derived from the lower resolution data are (4.9 ± 1.9) X 10 19 cm ~ 2 (Green Bank; GB) and (3.6 ± 0.5) X 10 19 cm _2 
(Leiden-Dwingeloo; LD) for the local Galactic component, (3.6 ± 1.5) X 10 19 cm ~ 2 (GB) and (2.9 ± 0.4) X 10 19 cm ~ 2 (LD) for the IV Arch, 
and (6.3 ± 1.6) X 10 19 cm ~ 2 (GB) and (4.1 ± 0.4) X 10 19 cm ~ 2 (LD) for Complex C. 
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3. OBSERVATIONS AND DATA REDUCTION 

FUSE is equipped with four co-aligned optical channels 
(2 SiC channels for 905-1105 A and 2 LiF channels for 
1000-1187 A) and two microchannel plate detectors. A 
detailed description of the FUSE instrument and its on- 
orbit performance is given by Moos et al. (2000) and Sah- 
now et al. (2000). The FUSE observations of PG 1259+593 
were obtained on 25 February 2000, 25 December 2000, 
and 29 January 2001 through the large apertures (LWRS, 
30" x 30") of the four channels and were recorded in pho- 
ton address mode. Sixty-four exposures totaling ~ 193 ks. 
are available for all four channels, although the light of the 
quasar was not optimally centered in all of the apertures 
throughout the observations and the detector high voltage 
was down during part of one observation. Table 1 provides 
an overview of the FUSE observations of PG 1259+593. A 
detailed analysis of the raw time-tagged photon list was re- 
quired to eliminate small event bursts of unknown origin 
from the raw data (see Sahnow et al. 2000). 

The data were extracted using the standard FUSE cali- 
bration pipeline CALFUSE (vl.8.7) available at the Johns 
Hopkins University, and the individual exposures for each 
channel were coadded using a cross-correlation technique 
to remove small relative wavelength shifts between expo- 
sures. The pipeline corrects for geometrical distortions in 
the detector grid, the Doppler shifts introduced by the 
motions of Earth and satellite through space, and small 
spectral shifts due to thermally-induced motions of the 
diffraction gratings. This version of the pipeline does not 
correct for fixed-pattern noise or the spatial curvature of 
the lines introduced by the astigmatism of the optical sys- 
tem, which degrades the spectral resolution slightly at 
most wavelengths. To improve the signal-to-noise ratio 
(S/N), the data were rebinncd over 5 pixels, resulting in 
~ 10 kms" 1 wide bins. No additional smoothing was ap- 
plied. The velocity resolution of the combined FUSE data 
is ~ 25 kms" 1 (FWHM). The average flux in the spectrum 
is ~ 2 x 10" 14 erg cm" 2 s" 1 A -1 , equivalent to an average 
S/N of ~ 10 per (rebinned) pixel element. 

STIS observations of PG1259+593 were carried out on 
17-19 January 2001 with the intermediate-resolution far- 
UV echelle grating (E140M) and the 0"2 x 0"06 slit. 
Thirty-four exposures totaling 81 ksec were obtained. In 
this observing mode, STIS provides a resolution of 7 km 
s" 1 (FWHM) and wavelength coverage from ~1150 to 
1730 A with only five small gaps between orders at A > 
1634 A. We reduced the data with the STIS Investigation 
Definition Team (IDT) version of CALSTIS at the God- 
dard Space Flight Center. The individual spectra were 
flatfieldcd, extracted, and wavelength and flux calibrated 
with the standard procedures. The STIS IDT correction 
for scattered light was then applied, and the individual 
spectra were co-added weighted by their inverse variances 
averaged over a large, high signal-to-noise region. Finally, 
overlapping regions of adjacent orders were co-added with 
weighting based on inverse variance. For further informa- 
tion on the design and on-orbit performance of STIS, see 
Woodgate et al. (1998) and Kimble et al. (1998). 

The FUSE and STIS absorption profiles were 
continuum-normalized by fitting low-order polynomials to 
the data; a selection of normalized profiles is shown in 
Figure. 1. (For display purposes only, we have rebinned 



the STIS data in this figure to ~ 10 kms" 1 wide pixel 
elements, similar to the FUSE data.) We measured equiv- 
alent widths for the weakly ionized species in the HVC and 
IVC gas by fitting single Gaussian profiles to the main ab- 
sorption components at —130 kms" 1 (Complex C), —55 
kms" 1 (IV Arch), and for the IVC at +60 kms -1 . For 
every line in the FUSE bandpass, equivalent widths were 
measured independently using data for the two highest 
S/N channels, and then the values were averaged with 
weights proportional to the inverse squares of the respec- 
tive errors. Wavelengths, oscillator strengths (Morton 
1991; 2001, in preparation), and equivalent widths (and 
la errors) for all measured lines are listed in Table 2. The 
cited errors include contributions from photon statistics 
and continuum placement uncertainties. For the deter- 
mination of column densities we made use of a standard 
curve-of-growth technique. 

4. COMPLEX C 

Metal line absorption from weakly ionized species associ- 
ated with Complex C is detected near —130 kms -1 in Cn, 
Cm, Ni, Oi, Alii, Sin, Sn, and Fen. Weak lines from 
other species (e.g., An A1048.220 and Pn A1152.818) are 
not detected at Complex C velocities, but 3a upper limits 
were derived (see Table 2). Measurements of the equiva- 
lent widths of C II, C in, and Si in in Complex C are not 
possible since these strong lines extend over the entire ve- 
locity range between —180 to +180 kms -1 (see Figure 1). 
The strong lines of oxygen, silicon, and iron exhibit an 
asymmetry in the red wing of their absorption profiles, 
implying the presence of a weak absorption component 
near —110 kms -1 . Multiple Complex C components have 
also been observed toward other background sources (e.g., 
Mrk876, see Gibson et al. 2001), where Hi emission and 
absorption by weakly ionized species arises in at least two 
distinct components between —100 and —200 kms -1 . The 
present PG 1259+593 data do not allow us to analyze the 
two absorptions separately for all species, so we will con- 
sider the effect of this weak component on our column 
density determinations by examining its effect on the O I 
and Si II lines observed by STIS. The present Effelsberg 
Hi 21cm emission data do not give any guidance as to 
the existence of multiple H I emission components, but it 
is possible to include a narrow, weak (log N(R I)< 18.5) 
emission component at ~ —110 kms" 1 without a notice- 
able change in the observed profile. 

All of the Complex C lines from weakly ionized species 
collectively fit a single-component curve of growth with 
b = 9.8t 4 ; 2 kms -1 (Figure 2), suggesting that the velocity- 
dispersion parameter is determined by turbulent motions. 
There is a systematic trend for the stronger lines (e.g., Oi 
A1302.169) to favor a higher 6-value than the weak lines, 
supporting the idea that in this direction Complex C con- 
sists of two or more unresolved subcomponents. Column 
densities and gas-phase abundances relative to the solar 
values (Anders & Grevesse 1989; Grevesse & Noels 1993) 
were derived by fitting the data to a single-component 
curve of growth with b = 9.8 kms -1 ; they are presented 
in Table 3 along with their respective la errors. 

To estimate the influence of a possible unresolved sub- 
component at ~ —110 kms -1 on the Complex C column 
densities, we have created composite apparent column den- 
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sity profiles (see Savage & Sembach 1991) for the strong 
absorption lines of oxygen and silicon in the STIS data. A 
weak component at —114 kms -1 is clearly visible. Simu- 
lating the influence of this component on the overall Com- 
plex C line profile, we find that such a component modifies 
the curve of growth of the main component in a very gen- 
tle manner, and the resulting curve is very similar to the 
curve of growth with b = 9.8 kms" 1 , derived from our 
single-component Gaussian fitting analysis. We estimate 
an uncertainty of « 0.05 dex (12%) for the abundances in 
Complex C due to the existence of this unresolved absorp- 
tion component (note that this uncertainty is not included 
in the formal errors cited in Table 3). The presence of this 
subcomponent does not significantly alter the conclusions 
of our abundance study of Complex C. 

All elements considered in this study have nor- 
malized gas-phase abundances defined by [X/H] = 
log(7Vx/X H i)-log(A/H) Q < -0.8 dex, except phospho- 
rus, for which only a 3a upper limit of < —0.27 could be 
derived. Comments regarding the limits for An and Fen 
are found in subsequent paragraphs. The normalized in- 
terstellar gas-phase abundances for all measured species 
in Complex C are shown in Figure 3. An accurate mea- 
sure for the mean mctallicity in the ISM is the Oi/Hi 
ratio; oxygen is not significantly depleted onto dust grains 
(Meyer et al. 1998) and the Oi/Hi ratio is not altered by 
ionization effects (i.e., (O I/H I) w (O/H)). This is because 
O I and H I have similar ionization potentials and both ele- 
ments arc strongly coupled through charge exchange inter- 
actions (e.g., Sofia & Jenkins 1998). For Complex C, we 
find [0/H]= -lmtoil, equivalent to 0.093^;^ times 
the solar (O/H) ratio. The value agrees very well with 
the low sulfur abundance found toward Mrk 290 (Wakker 
et al. 1999), but is significantly lower than the sulfur and 
iron abundances derived from Sn and Fell toward Mrk 
279, Mrk 501, Mrk 817, and Mrk 876 (Gibson et al. 2001; 
Murphy et al.2000). For Sn we find [S/H]= -0.85±g;i§. 
Thus, the inferred normalized gas-phase abundance of sul- 
fur is significantly higher than for oxygen, but S n ex- 
ists in regions were hydrogen is both neutral and ionized. 
Assuming that the sulfur-to-oxygen ratio in Complex C 
is the same as in local Galactic gas and that the resid- 
ual difference in the measured values is caused by Sn 
in ionized gas along the sight line, we estimate an av- 
erage degree of ionization of H + /(H +H + ) = 0.32 and 
AT(H tota i) = 7V(H°) + N(H+) = 1.26 x 10 20 cm" 2 . 7 

If UV radiation is the major source of ionization in Com- 
plex C, it would be straight forward to explain the non- 
detection of neutral argon because Ar I has a large pho- 
toionization cross section (Sofia & Jenkins 1998). Compar- 
ing Ar I to H I, we find [Ar/H]< -1.42, but it is possible 
that the actual value for [Ar/H] is significantly higher, if 
most of the Ar is in the form of Aril. For similar rea- 
sons, a significant fraction of the nitrogen may also be 
ionized, which could account for the very low normalized 
abundance based on N I ([N/H]= — 1.94±g;^X)- The Nil 
A1083.994 absorption profile observable with FUSE is con- 
sistent with a strength of ~ 130 mA required to correct 
the the total nitrogen abundance up to 0.1 solar. However, 
this line has low S/N and it is blended by Fen A1083.420. 



We derive an upper limit of 183 mA (3a) for N n absorp- 
tion at Complex C velocities. 

Although the normalized gas-phase abundances derived 
for O, Al, Si, S, and Fe are consistent with a single 
value to within the errors, the data show weak evidence 
for a slight underabundance of iron in comparison to the 
other elements. We find [Si/H]= -0-9lt f 7 and [Al/H] = 
— 0.98±gjg, and [Fc/H]= -1.27±J^, based on the data 
for Sin, Al II, and Fen. The abundance of Al is derived 
from a single saturated line (Al II A1670.787) and there- 
fore has a relatively large error bar. In the local interstellar 
medium, Si, Al, and Fe are all depleted into dust grains 
and their gas-phase abundance is significantly lower than 
that of mildly depleted species, such as O (e.g., Savage & 
Sembach 1996). For Complex C, however, we find [Si/H]« 
[Al/H]w[0/H], indicating that silicon and aluminum are 
probably not incorporated into dust grains in Complex C 
if the ionization corrections for Si II and Al II are mod- 
est. While the ionization potentials for Sin and Fen are 
almost identical, the photoionization cross section of Fe n 
is much higher than that of Si n once the ionizing photons 
exceed an energy of ~ 20 eV (see Figure 3 in Sofia & Jenk- 
ins 1998). Thus, its appears plausible that a significant 
fraction of the missing iron is in Fe in because of ionizing 
radiation at high energies. 

We can check on the amounts of doubly ionized species 
in Complex C. Si in A1206.500 absorption is present at 
Complex C velocities in the STIS spectrum, but this line 
cannot be used to derive a Sim column density because 
the three velocity components are heavily overlapping (see 
Figure 1). The Fein A1122.524 line is observed by FUSE 
but it is blended by Galactic Fen A1121.975 (Figure 1). 
Estimating the strength of the blending Fe n A1121.975 ab- 
sorption by comparing with Fell A1096.877 (the two lines 
have similar values of log /A - see Table 2) yields a Galac- 
tic Fe II component strength of « 50 mA. The equivalent 
width of Galactic Fen A1121.975 plus Fern A1122.524 at 
— 130 kms" 1 has a very similar strength, suggesting that 
there is no significant Fe in absorption at Complex C ve- 
locities (< 33 mA (3a)). We derive log iV(Fem)< 13.67 
and [(Fcn+Feiii)/Hi] = -1.15, or 0.24 dex lower than 
[Si/H] based solely on Si II. Therefore, the apparently 
low abundance of iron in Complex C is not likely to re- 
sult from ionization effects. More likely, a low iron abun- 
dance in Complex C could be due to depletion of iron into 
Fe-rich dust grains. As discussed by Savage & Sembach 
(1996), dust-phase abundance measurements of Galactic 
halo clouds indicate the presence of dust cores that con- 
tain Mg and Fe but do not contain much Si. An alter- 
native, and perhaps more speculative hypothesis, would 
be that a low iron abundance in Complex C reflects an 
overabundance of a elements (S, Si, and O) compared to 
iron. An enhanced abundance of a elements in Complex 
C has also been suggested for the Mrk 876, Mrk 290, and 
Mrk 817 sight lines based upon comparisons of Ni, S II, 
and Fen column densities (Gibson et al. 2001; Murphy et 
al.2000). However, considering that the abundances of 
iron and other elements are consistent within their error 
range, more accurate data is required to investigate the 
apparent iron deficiency in Complex C on a statistically 



7 We note that the S/O ratio in Complex C might differ from the solar value because of a different nucleosynthetic history. If so, the ionization 
fraction would be different. 



Complex C and the IV Arch 



5 



more reliable basis. 

Summarizing, we find that Complex C has an overall 
abundance of ~0.1 solar in the direction of PC 1259+593, 
strongly supporting the idea that Complex C has an ori- 
gin outside the Milky Way. Additional high quality data 
for other sight lines may help to quantify the abundance 
pattern in Complex C and determine whether the appar- 
ent abundance variations seen in Complex C by Gibson 
et al. (2001) and the apparent iron deficiency toward 
PG 1259+593 are intrinsic in nature or due to a combi- 
nation of effects (e.g., nucleosynthetic history, ionization, 
dust). 

5. IV ARCH 

Absorption lines of weakly ionized metals Cn, Cm, Nl, 
O I, Al ii, Si ii, Si in, S ii, and Fe n are detected at the veloc- 
ity of the IV Arch (—55 kms -1 ). Absorption lines of An 
and P II are not detected. The equivalent widths are listed 
in Table 2. The data fit best on a curve of growth with 
b = 10.2^3 2 kms^ 1 (Figure 2), implying macroscopic tur- 
bulence and/or unresolved sub-components. Column den- 
sities and gas-phase abundances, based on the single com- 
ponent fit to the curve of growth with b = 10.2 kms -1 , are 
presented in Table 3. Figure 3 provides an overview of nor- 
malized interstellar gas-phase abundances in the IV Arch 
(see also §4). The oxygen abundance in the IV Arch is 
[0/H]= -OMtoir, or 0.98^^6 solar, in striking contrast 
to the low oxygen abundance for Complex C derived in the 
previous section. The sulfur abundance (derived from S n) 
is slightly higher, [S/H]= +0.11 jl^Qg, suggesting an ioniza- 
tion fraction of H + /(H°+H + ) = 0.24 using the same line 
of reasoning in §4. Similar to Complex C, argon and nitro- 
gen are very underabundant in comparison to oxygen and 
sulfur ([Ar/H]< -0.98 and [N/H]= -0.68±^, based on 
the data for Ar I and N i) . These low abundances are most 
likely due to photoionization since neither argon nor nitro- 
gen is readily incorporated into dust. Low argon and nitro- 
gen abundances have been seen also in other intermediate- 
velocity clouds (e.g., Richter ct al. 2001). Abundances for 
silicon (Sin) and iron (Fen) are [Fe/H] = -0.22t° 2 3 l dex 
and [Si/H] = — 0.26+ ; 15 , suggesting relatively mild deple- 
tions into dust grains. 

The nearly solar abundances and the z-height bracket 
of 0.8 — 1.5 kpc suggest that the IV Arch has its origin 
in the Milky Way disk, for instance as part of a Galactic 
fountain (Shapiro & Field 1976; Houck & Bregman 1990). 
The abundances derived here agree well with those for 
the LLIV Arch toward PG 0804+761 (Richter et al. 2001). 
The FUSE and STIS data of PG 1259+593 therefore sug- 
gest that the IV Arch and Complex C have completely 
different origins. 

6. ivc AT +60 km S _1 

The strong absorption lines of Oi, Cn, Cm, Alii, Sin, 
Si in, and Fe n reveal the presence of another IVC compo- 
nent at positive velocities near +60 kms" 1 . Absorption at 
positive velocities is not expected for interstellar gas par- 
ticipating in Galactic rotation in this direction. Equivalent 
widths for this absorption component are listed in Table 2. 
Neither the Effelsberg nor the Green Bank H I data show 
emission at +60 kms -1 , suggesting that the Hi column 



density is below the detection limit. Another possibility 
is that the diameter of this cloud is very small and that 
beam-smearing effects make this component undetectable 
in H I emission. The Effelsberg data yield a 3cr upper limit 
of V(Hi)< 3.0 x 10 18 cm- 2 for this IVC. Hi absorption in 
the higher Lyman lines (Ly7 and higher) may be present, 
but blending with the Galactic Hi component and other 
lines in combination with low S/N at these wavelengths 
prevents any useful quantitative analysis of the Hi ab- 
sorption. Thus, it is impossible to determine abundances 
for this IVC with the present data. 

7. HIGHLY IONIZED SPECIES 

In addition to the weakly ionized species, absorp- 
tion lines of Civ A1548.195, Siiv A1393.755, and Ovi 
A1031.926 are seen in both Complex C and the IV Arch. 
This is the second detection of Ovi in Complex C (see 
Murphy et al. 2000 for the profiles toward Mrk876). The 
Ovi absorption profile is shown in Figure. 1. O vi absorp- 
tion at negative velocities might also be present in the 
other Ovi line at A1037.617, but is blended by Galactic 
H 2 (5 — 0)R(1). The high ion absorption at Complex C 
velocities suggests the presence of a highly ionized bound- 
ary of Complex C caused by interaction with surrounding 
material in the Galactic halo (e.g., Sembach et al. 2000; 
Murphy et al. 2000). 

8. CONCLUDING REMARKS 

The FUSE spectrum of PG 1259+593 shows the diverse 
nature of intermediate- and high-velocity clouds in the 
halo of the Milky Way. Absorption line data obtained so 
far suggest that IVCs generally tend to have abundances 
similar to those in the disk of the Milky Way (for a sum- 
mary see Wakkcr 2001) . Abundances found in HVCs, in 
contrast, are not explainable by a single origin. Metallic- 
ities of ~ 0.1 solar, as found for Complex C in this study 
and others (e.g., Wakker et al. 1999), indicate that metal- 
deficient gas is falling into the Milky Way halo. Other 
high-velocity clouds, such as the one in front of the LMC 
(Bluhm et al. 2001, Richter et al. in preparation), have 
significantly higher metal abundances, which can be ex- 
plained by the Galactic fountain model. The Magellanic 
Stream (Lu et al. 1998; Gibson et al. 2000; Sembach et 
al. 2001) has abundances similar to that of the SMC and 
probably is the result of tidal interaction between the 
Milky Way and the SMC. 

High- velocity cloud Complex C remains one of the most 
interesting cases of Galactic high- velocity gas investigated 
so far. Our [O/H] abundance for Complex C agrees well 
with the [S/H] abundance found by Wakker et al. (1999) 
toward Mrk290, but studies of other sight lines suggest 
that there might be significant abundance variations in 
Complex C (Gibson et al. 2001; Murphy et al.2000). The 
data obtained so far suggests that there might be a slight 
over-abundance of a elements in comparison to iron in 
Complex C. With this study, an abundance pattern in- 
cluding eight elements (N, O, Al, Si, P, S, Ar, and Fe) is 
now available for comparison with other sight lines. Fur- 
ther investigations of Complex C, in particular the study of 
its deuterium and molecular hydrogen content, may help 
to understand the abundances derived in this paper. 



6 



Richter et al. 



This work is based on data obtained for the the Guar- 
anteed Time Team by the NASA-CNES-CSA FUSE mis- 
sion operated by the Johns Hopkins University. Finan- 
cial support has been provided by NASA contract NAS5- 
32985. Further support for this work was provided by 



NASA through grant number GO-08695.01-A from the 
Space Telescope Science Institute. KRS acknowledges par- 
tial support from NASA Long Term Space Astrophysics 
grant NAG5-3485. We thank J.C. Howk and W.P. Blair 
for helpful comments on this work. 



REFERENCES 



Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta 53, 
197 

Bahcall, J.N., ct al. 1993, ApJS, 87, 1 

Bluhm, H., dcBoer, K., Marggraf, O., & Richter, P. 2001, A&A, 
367, 299 

Gibson, B.K., Giroux, M.L., Penton, S.V., Putman, M.E., Stockc, 

J.T., & Shull, J.M. 2000, AJ, 120, 1830 
Gibson, B.K., Penton, S.V., Giroux, M.L., Stocke, J.T., Shull, J.M., 

& Putman, M.E. 2001, AJ, submitted 
Giovanelli, R., Verschuur, G. L., & Cram, T. R. 1973, A&AS, 12, 

209 

Grevesse, N., & Noels, A. 1993, in Orgin of the Elements, ed. N. 
Prantzos, E. Vangioni-Flam, & M. Casse, (Cambridge: Univ. 
Press), 15 

Hartmann, D., & Burton, W.B. 1997, Atlas of Galactic Neutral 

Hydrogen, Cambridge University Press 
Houck, J.C, & Bregman, J.N. 1990, ApJ, 352, 506 
Kimble, R. A., et al. 1998, ApJ, 492, L83 
Kuntz, K.D., & Danly, L. 1996, ApJ, 457, 703 

Lockman, F.J., Jahoda, K., & McCammon D. 1986, ApJ, 301, 380 
Lu, L., Sargent, W.L.W., Savage, B.D., Wakker, B.P., Sembach, 

K.R., & Oosterloo, T.A. 1998, AJ, 115, 162 
Marziani, P., Sulentic J.W., Dultzin-Hacyan, D., Calvani, M., & 

Moles, M. 1996, ApJS, 104, 37 
Meyer, D.M., Jura, M., & Cardelli, J. A. 1998, ApJ, 493, 222 
Moos, H.W., et al. 2000, ApJ, 538, LI 



Murphy, E.M., Sembach, K.R., Gibson, B.K., et al. 2000, ApJ, 538, 
L35 

Morton, D.C. 1991, ApJS, 77, 119 

Richter, P., Savage, B.D., Wakker B.P., Sembach K.R., & Kalberla 

P.M.W. 2001, ApJ, 549, 281 
Sahnow, D.J., et al. 2000, ApJ, 538, L7 
Savage, B.D., & Sembach, K.R. 1991, ApJ, 379, 245 
Savage, B.D., & Sembach, K.R. 1996, ARA&A, 34, 279 
Sembach, K.R., Howk, J.C, Savage, B.D., & Shull, J.M. 2001, AJ, 

121, 992 

Sembach, K.R., et al. 2000, ApJ, 538, L31 

Shapiro, P.R., & Field, G.B. 1976, ApJ, 205, 762 

Sofia, U.J., & Jenkins, E.B. 1998, ApJ, 499, 951 

Spitzer, E. L., & Fitzpatrick, E. L. 1993, ApJ, 409, 299 

Wakker, B.P., & van Woerden, H. 1997, ARA&A, 35, 217 

Wakker, B.P. 2001, ApJS, in press, astro-ph 0102147 

Wakker, B.P., Kalberla, P.M.W., van Woerden, H., dcBoer, K.S., & 

Putman M.E. 2001, ApJS, in press, astro-ph 0102148 
Wakker, B.P., ct al. 1999, Nature, 402, 388 
Wannier, P., & Wrixon, G.T. 1972, ApJ, 173, L119 
Woodgate, B. E., et al. 1998, PASP, 110, 1183 
van Woerden, H., Peletier, R.F., Schwarz, U.J., Wakker, B.P., & 

Kalberla, P.M.W. 1999, in Stromlo Workshop on High- Velocity 

Clouds, eds. Gibson, B.K. & Putman, M.E., ASP Conf. Series 

Vol. 166, p.l 



Complex C and the IV Arch 7 

Fig. 1. — Continuum-normalized absorption profiles of several species from FUSE and STIS data of PG 1259+593, plotted against LSR 
velocity. For this plot, the data have been rebinned to 10 kms -1 wide pixels. The three major absorption components (local Galactic gas 
at kms -1 , IV Arch at —55 kms -1 , and Complex C at —130 kms -1 ) arc marked with dotted lines and are identified above the boxes. 
Absorption at +60 kms -1 is visible only in the strong lines of C, O, Al, Si, and Fe. The three Hi emission profiles (Effelsberg data with a 9'.1 
beam, NRAO 140 ft. data with a 21.' beam, and Leiden-Dwingeloo data with a 36.'0 beam) show substantial differences, indicating beam 
smearing effects. 
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Fig. 2. — Empirical curves of growth for ions observed in Complex C (upper panel) and the IV Arch (lower panel). The different ions are 
labeled at the lower right side of each panel. For Complex C, the data points fit best on a curve of growth with b = 9.8 kms -1 . For the 
IV Arch, the best fit is found for b = lO.2t.3l krns" 1 . 
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Fig. 3. — Normalized interstellar gas-phase abundances in Complex C and the IV Arch. Abundances in Complex C are systematically 
lower than in the IV Arch, suggesting a different enrichment history of both clouds. Ionization and dust depletion effects are discussed in §4 
and §5. Error bars represent uncertainties from both equivalent-width measurement errors (see §3) and errors from the fits to the curves of 
growth. 
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Table 1 

Log of PG 1259+593 FUSE and STIS Observations 
Instrument Dataset ID Obs. Date Aperture Exp. Time Number of Exp. Notes 

N 

FUSE P1080101 2000 Feb. 25 30" x 30" 52.4 12 1 

FUSE P1080102 2000 Dec. 25 30" x 30" 57.9 21 2 

FUSE P1080103 2001 Jan. 29 30" x 30" 82.2 31 3 

HST STIS 8695 2001 Jan. 17-19 0"2 x 0"06 81.3 34 

Notes: 

1) No SiC 2 channel data. SiC 1 and LiF 2 channels were not optimally centered at all times. 

2) LiF 1 data only. SiC 1, SiC 2, and LiF 2 channels were not co-aligned - no flux recorded. 

3) Detector 1 shut down during exposures 17-29. 
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Table 2 

Atomic Absorption Lines Associated with Complex C, the IV Arch, and the IVC at +60 kms 
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a Vdcuum wavelengths and oscilldtor strengths from Morton (1991; 2001, in preparation) . 

b Equivalent widths and la errors (or 3<r upper limits) are listed for Complex C, the IV Arch, and 
the IVC at +60 kms" 1 (denoted IV+60). 
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Table 3 

Atomic Column Densities and Gas-Phase Abundances in Complex C and IV Arch 
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a Andcrs & Grcvessc (1989); Grevesse & Noels (1993). 

b [X/H] = log(Nx /Nm)— log(A/H) Q , limits are 3cr. Errors do not include an additional 12% uncer- 
tainty due to possible sub-structure within the Complex C absorption profiles. 

c From Effelsberg 21 cm emission line data with a beamsize of 9.'1 centered on PG 1259+593. 



